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This study analyses the binding characteristics of analytes in a 
microfluidic channel using nanoparticles in order to provide design 
parameters and establish a database for biosensor. Sample containing 
model analytes flowed along the microfluidic channel and the binding 
characteristics are analyzed experimentally by counting the number 
of analytes bound to the receptors according to the analyte 
concentration, sample flow rate, and the dimension of the microfluidic 
channel. A mathematical model for the transport of analytes is also 
presented based on a probability density function for Brownian 
motion. The empirical coefficient for the mathematical model is 
obtained using the experimental results, which remains valid for all 
different parameters such as analyte concentration, sample flow rate, 
and the observation position so that the generality of the model is 
verified. The results show the number of binding efficiency increases 
as the flow rate decreases and the observation position is closer to 
the inlet, but it is consistent with the concentration of the sample. 
The binding characteristics according to the dimension of the 
microfluidic channel are investigated with the mathematical model 
and the critical height is dependent on the observation position. 
A simple method for enhancing the sensitivity of immunoassay is 
also presented by agitating the flow using dummy particles. By adding 
dummy particles into the sample, the transport of analytes towards 
receptors is enhanced and the effect of dummy particles increases as 
the volume fraction or size of dummy particles increases and the flow 
iii 
 
rate of sample increases. The improved value is analyzed through 
numerical simulation which shows valid estimation comparing with 
the experimental results. 
Keyword : Biosensor, Sensitivity of immunoassay, Transport of 
analyte, Microfluidic channel for biosensor 
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The biosensor has various applications such as early diagnosis 
of diseases or blood glucose monitoring for diabetes and its global 
market is growing very fast fueled by point-of-care [1-1]. 
 
 




The biosensor is a three-elements system consisting of a 
bioreceptor, a transducer, and a signal processing unit for detecting 
a specific target analyte [1-2], as shown in Figure 1-1. The analyte 
is a target substance that needs to be detected such as protein, 
antigen, or bacteria and it is recognized by a target molecule, 
specifically, which is known as a receptor such as enzymes, aptamer, 
or antibody. This recognition generated by the specific binding 
between the analyte and receptor is termed bio-recognition [1-3]. 
The bio-recognition is converted to a measurable signal by a 
transducer and the signal processing unit reads and displays this 
signal.  
 
1.1.2. Characteristics of a biosensor 
Biosensors share common attributes, among which three-most-
important properties are selectivity, sensitivity, and linearity [1-3]. 
In order to detect only a target analyte, biosensors must have 
selectivity and it is capable through the specific binding between 
analytes and bioreceptors such as antigen-antibody. The sensitivity 
of a biosensor is normally evaluated by the limit of detection which 
is the minimum amount of analytes that can be detected by the sensor 
[1-4]. Especially, in medical diagnostics fields, the limit of detection 
is required to be ng/ml or even pg/ml for early diagnosis or precise 
analysis because the sample solution like blood commonly contains 
low-concentration of analytes. The linearity indicates the accuracy 
of the measured signal represented as y=mc, where y is the output 
signal, m is the sensitivity of the sensor, and c is the concentration 
of analyte [1-3]. In order to estimate the amount and concentration 
of analyte from the signal transduced by the biorecognition, the 
 
 ３ 
linearity of a sensor should be maintained under test. 
 
1.1.3. Classification of biosensors 
    The biosensors are commonly classified by the signal 
transduction perspective or the bio-recognition perspective. Several 
examples are illustrated in Table 1-1 according to these two factors 
[1-5]. 
Table 1-1. Biosensor classification [1-5]. 
 
Based on the way of signal transduction, the biosensors are 
typically categorized into an electrochemical biosensor, thermal 
biosensor, optical biosensor, and mass-sensitive sensor. The most 
widespread biosensor is optical biosensor which is represented by 
surface plasmon resonance (SPR). As shown in Figure 1-2, optical 
biosensor accounts for nearly 80 % of the biosensor in the 
antibacterial field, containing the SPR technique [1-6]. The optical 
sensor has distinct advantages such as rapid detection time, 
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portability, cost-effective diagnostics, which are regarded as the 
most important characteristics in the recent biosensor market [1-7].  
 
Figure 1-2. Biosensor applications classified regarding to the 
detection principles [1-6]. 
Biosensors are also classified into an enzymatic biosensor, 
protein-receptor based biosensor, immunoassay based biosensor, 
DNA biosensor, and whole-cell based biosensor based on the 
biorecognition principle [1-5]. In the case of the enzymatic 
biosensor, the native enzyme can be used as an analyte and the 
enzyme can be attached to the bioreceptor as a label for 
biorecognition [1-8]. Most of the signals for the enzymatic biosensor 
are provided electrochemically. Protein-based receptors such as 
metabotropic or ionotropic receptor located at the cell membrane 
generate biorecognition signals which are transduced through the 
membrane [1-9]. Receptors for immunoassay based biosensors are 
immobilized to a transducer and generate a signal from biorecognition, 
of which process occurs at the surface of the biosensor, usually [1-
10]. For DNA biosensor, single-stranded DNA (ssDNA) or double-
stranded DNA (dsDNA) form biorecognition by recognizing target 
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DNA sequence via hybridization which is immobilized on the surface 
of biosensor [1-11]. DNA biosensors generate a variety of signals 
but the electrochemical DNA biosensors are used most-widely. 
Whole-cell based biosensor is far from cost-effectiveness because 
the lifetime of a living cell is limited comparing to other receptors. 
Nevertheless, whole-cell biosensors have many advantages 
considering its potential application. Most of its advantages are 
related to the characteristics of the living cells, from which functional 
information can be directly obtained rather than analytical information 
[1-12].  
Researches for biosensor can be classified into studies enhancing 
selectivity and sensitivity, roughly. For that, the researchers 
analyzed signal generation by biorecognition and the biochemical 
characteristics between analyte and receptor. Likewise, biosensors 
have been observed and developed in the biochemical perspective 
but in terms of fabrication of devices and behavior of elements inside 
the device, the biosensor needs to be investigated, mechanically. 
Especially, considering that most of the biosensor is surface 
detection system in which the receptors are immobilized at the 
surface of the biosensor, analysis for the analyte behavior inside 
biosensor is necessary in order to enhance the selectivity or 
sensitivity. In the following section, a description of the sensing 
mechanism for a surface detection system is provided.  
 
1.1.4. Sensing mechanism for a surface detection system 
    Receptors for the biosensor are commonly immobilized at the 
surface of the sensor in order to read the signal without 
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contamination generated by biorecognition. For binding between 
analyte and receptor, the analyte should be transported to the wall at 
which the receptor is immobilized as shown in Figure 1-3. When the 
analyte transported to the wall is captured by the receptor, changes 
such as mass change or electrical potential change occur and this 
change generates a signal through the transducer. Thus, as a first 
step to detect a target, the analyte should be transported towards the 
surface of the biosensor. 
 
Figure 1-3. The schematic diagram for sensing mechanism of 
surface detection system biosensor. 
In order to enhance the transport of the analyte, there are two 
options: Generating lateral-direction flow inside the channel, 
Reducing the distance between analyte and receptor, in other words, 
increasing the surface-volume ratio. 
Especially, in the case of the medical diagnostic field, the 
biosensor is required to have high sensitivity below ng/ml for early 
diagnosis [1-13]. Microfluidic channel is adapted to increase 
surface-volume ratio, still, it is often not enough to satisfy high 
sensitivity required in the medical diagnostic field. Besides, because 
the microfluidic channel is commonly adapted, laminar flow is mainly 
developed inside biosensor considering that most of the diagnostic 
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devices are performed using capillary flow. The lateral directional 
flow is difficult to be generated in case of laminar flow in which no 
vortex occurs. Thus, increasing the surface-to-volume ratio 
extremely using microbeads or generating lateral flow by mixing 
structure or external field is introduced. The researches for efficient 
methods to enhance the sensitivity of biosensor is presented in the 
following section. 
 
1.2. Sensitivity enhancement for a biosensor  
 
1.2.1. Improving the surface-to-volume ratio 
As mentioned above, increasing the surface-to-volume ratio is 
a key method to enhance the sensitivity of the biosensor. As one of 
the simple ways, micro-sized superparamagnetic beads can be used 
by adding it to the sample solution [1-14]. The surface of the 
magnetic beads was treated to be carboxylated after the activation 
process with NHS [N-hydroxysuccinimide] and EDC [1-ethyl-3-
(3-di-methyl-aminopropyl) carbodiimide hydrochloride] and 
coated by receptors. After incubation, the particles which were bound 
with analytes, in other words, had bio-recognition were collected 





Figure 1-4. Schematic representation of the method for enhancing 
the sensitivity of biosensor using magnetic beads. Receptors were 
coated onto the surface of magnetic beads and the particles which 
have bio-recognition with analytes were collected to electrode [1-
15]. 
Because this method does not require centrifugation device, it is 
simple and cost-effective compared to conventional pathogen 
detection methods. Still, this method needs an external field 
generation device for collecting captured species. Moreover, it 
requires incubation for binding between analytes and receptors 
during which nonspecific binding of species to receptor can occur and 
it may come into a noise of the signal. 
Imbedding micro/nano structures onto the surface of biosensor 
can be an alternative as the method for increasing surface-to-
volume ratio. Micro/nano structures can offer a wider surface area 
for sensing due to its small dimension. For these reasons, 
nanostructured ZnO has attracted interest, in recent researches for 
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biosensor [1-16]. As shown in Figure 1-5, nano-sized structures 
can be formed using the electro-deposition method and the surface-
to-volume ratio can be improved [1-17].  
 
Figure 1-5. SEM images of ZnO nanostructures by the electro-
deposition [1-17]. 
But plenty of costs and treatment time to fabricate nanostructure 
on the surface of biosensor are taken for this method, which is not 
suitable considering recent trends requiring not only cost-




1.2.2. Lateral-directional movement of the analyte 
As another method for enhancing the transport of analyte to 
receptor, lateral movement towards the surface of biosensor is 
generated directly through the external field or induced by flow 
agitation using mixing structures. 
A repeating pattern of grooves such as chevron or diagonal stripe 
pattern induces lateral flow towards sensing surface by making flow 
agitated as shown in Figure 1-6. With this patterned surface, the 
intensity of fluorescence was increased until 31 % according to direct 
assay test using CY-5 fluorescent labeled biotin and 80 µm PDMS 





Figure 1-6. (a) Diagram of the microchannel with four chevrons and 
diagonal stripes patterned surface. (b) Images of PDMS microchannel 
with mixing structures. The channel was fabricated using 
softlithograpy [1-18]. 
Lateral movement of the analyte can be induced directly by 
exerting an electric field to analyte inside the microchannel. Analytes 
from the virus to the bacteria, which correspond to the smallest and 
largest bioparticle, respectively, have a surface charge when they are 
suspended inside fluid as shown in Figure 1-7. Counterions against 
the surface charge of bioparticle are crowded adjacent to the 
bioparticle, which is termed with the Stern layer and the diffuse layer 
is formed further from the bioparticle [1-19]. These two layers are 
termed with electric double layers which are formed when two 




Figure 1-7. Schematics of the electric double layer for the 
bioparticles [1-19]. 
Through these electric double layers, analyte has an electric 
charge on its surface, thus, the analyte can be manipulated by 
exerting an electric field and have lateral movement when the field is 
directed perpendicular to the flow direction [1-21].  
 
1.3. Purpose of research 
 
In recent years, point-of-care diagnostics have been settled as 
a critical role in healthcare strategy and there has been tremendous 
technological progress in point-of-care devices [1-22]. Traditional 
diagnostic devices were operated only by well-trained professionals 
who have sophisticated technics [1-23]. But recent researches for 
the medical diagnostic biosensor have been significantly developed 
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to such an extent as to require not only low-cost and portability but 
also accessibility to untrained individuals and instrument-
independency. For severe disease, the cost of diagnosis may not be 
a critical factor to consider but as the coverage of the device is 
expanded to early diagnosis for diabetes or obesity control, which is 
considered as mild diseases relatively, demand for the devices with 
properties indicated above rises in the healthcare industry [1-24]. 
For easy-to-use and instrument independent biosensor, a method 
for enhancing the sensitivity without external equipment and high 
fabrication cost needs to be developed. 
Transport of analyte inside the microfluidic channel is usually 
demonstrated by the diffusion-reaction model which is described in 
the perspective of concentration [1-25]. However, for the low 
concentration case in which the continuum hypothesis may not be 
valid, a transport model based on the dynamics of individual analyte 
needs to be presented. Furthermore, in the reaction-diffusion model 
which has Langmuir isotherm assumption, the coefficients of binding 
kinetics are needed according to each analyte and the stochastic 
motion of analyte is not considered by which small species such as 
virus or protein are mainly governed [1-26]. In this study, the 
transport model by calculating the number of analytes capable of 
colliding on the wall based on Brownian motion is suggested for 








1.4. This thesis 
 
1.4.1. Suggestion for a transport model of analytes in a microfluidic 
channel for a biosensor 
In chapter 2, the binding phenomenon was investigated, 
experimentally, by counting the number of bound biotinylated beads 
to streptavidin according to the design parameters of the device such 
as the dimension of the channel or the position of the receptor, and 
the parameters for the diagnostic process such as the concentration 
of analytes or flow rate.  
For optimal design and estimation of the limit of detection for 
biosensor, an analyte transport model inside the microfluidic channel 
is suggested by calculating the number of analytes to collide on the 
wall based on Brownian motion in chapter 3. The calculated values 
from a transport model were evaluated by comparing to the 
experimental results. 
 
1.4.2. Cost-effective and instrument-independent method to enhance 
the sensitivity of a biosensor 
In order to enhance the sensitivity of biosensor cost-effectively 
and instrument-independently, a new method to induce a flow 
agitation using dummy particles is presented. In chapter 4, the 
rotational motion of dummy particles was observed from the high-
speed camera so that the applicability of the Jeffery model in 
Poiseuille flow was confirmed and the enhancement of sensitivity 
using dummy particles was investigated according to dummy particle 
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volume fraction, flow rate and size of dummy particle. Lastly, an 
analysis for the enhancement of sensitivity using dummy particles 
was performed, numerically, by setting binding zone, in which the 
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Chapter 2. Transport and the binding phenomenon of 
analytes in microfluidic channel 
 
This chapter is based on: 
Choi, S.; Lee, W.I.; Lee, G.H.; Yoo, Y.-E. Analysis of the Binding of 
Analyte-Receptor in a Micro-Fluidic Channel for a Biosensor based 




In this chapter, in order to examine the transport of analyte 
towards wall depending on the detection conditions such as the 
concentration of the sample, flow rate, and the receptor-analyte 
binding measurement position, the number of bound analytes was 
counted while the sample solution containing analytes flowed through 
a microfluidic channel. Target analyte and receptor for experiments 
need to have high affinity so that binding of the analyte close to the 
receptor can be maximized. Thus, in terms of the model receptor, 
streptavidin was immobilized on the micro-channel surface and as 
for the analyte, fluorescent biotinylated Polystyrene beads 
(FluoSpheres™ Biotin-Labeled Microspheres, diameter: 200 nm) 
was used which shows excellent binding properties with streptavidin. 
The binding between streptavidin-biotin was confirmed by 
measuring the fluorescence of biotinylated polystyrene beads. In the 
following section, the properties of streptavidin and biotin are 
explained, and experimental methods are followed in section 2.3 and 




2.2. Streptavidin-biotin binding 
 
Streptavidin is a protein that has a high affinity for biotin and its 
size is estimated as 4 nm [2-2]. The dissociation constant is 
approximately ~10-14 mol/L and the streptavidin-biotin bonding is 
one of the strongest non-covalent bonding [2-3]. The binding 
between streptavidin and biotin is independent on temperature or 
ionic strength but the stability is affected by pH as shown in Figure 
2-1 [2-4]. Thus the pH value of the solution used in all of the 
experiments is controlled carefully at pH 7. 
 
Figure 2-1. (a) Binding probability of avidin, chimeric avidin, and 
streptavidin at different pH. (b) A complex lifetime of avidin and 
chimeric avidin bound with biotin [2-4]. 
 
2.3. Microfluidic channel and surface modification 
 
As shown in Figure 2-2, a micro-fluidic channel was designed 
to be 100 µm in depth (H = 100 µm) and 5 mm in width (W = 5 mm) 
to reduce the side wall effect of the channel on the flow. The length 
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of the channel was set to 70 mm. A transparent microfluidic channel 
substrate was injection molded using PMMA (Polymethyl 
methacrylate) to observe the behavior of the particles and 
fluorescent image of the polystyrene (PS) particles bound to the 
streptavidin.  
 
Figure 2-2. The dimension of a microfluidic channel. The top and 
bottom substrate of the channel were manufactured using injection 
molding and the channel was fabricated with 100 µm double-sided 
film.   
    For the biotinylated beads-streptavidin binding, streptavidin is 
required to be immobilized previously on the PMMA microchannel 
surface, which consists of several processes as follows. After 
sonication in isopropanol (IPA) for 15 min, PMMA substrates were 
washed three times with IPA and DI water, in turn. The surface of 
the micro-channel was carboxylated by exposure to UV light for 30 
min for effective streptavidin coating [2-5]. Streptavidin was 
immobilized onto the PMMA surface by dipping in the coating solution, 
a mixture of 50 µ L of streptavidin, 25 mg of EDC (1-ethyl-3-(3-
dimethylamino propyl) carbodiimide) reagent, and 5 mL of MES 
buffer. EDC was used for facilitating the binding of the amino part of 
streptavidin with carboxyl groups on the PMMA surface. After 
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incubation for 2h 30 min, the PMMA substrates were washed and 
dried with nitrogen gas [2-6].  
Immobilization of streptavidin onto the PMMA surface was 
confirmed by investigating N/C ratio through X-ray photoelectron 
spectroscopy (XPS) as shown in Figure 2-3. N/C ratio for 
carboxylated and chemisorbed PMMA surface shows the largest 
value (approximately 0.05).  
 
Figure 2-3. N/C ratio according to different surface treatment 
methods through XPS. “adsorbed” indicates the case only with the 
streptavidin incubation process onto bare PMMA and the 
“chemisorbed” method contains activation process using EDC. 
“carboxylated + chemisorbed” corresponds the case containing 
carboxylation, activation, and incubation process. 
The model of the instrument for XPS was Axis Supra (Kratos, 





















Table 2-1. Conditions for XPS  
X-ray source Monochromatic Al-Kα 
(15 kV, 300 W, 400 μm) 
Wide scan Pass energy 80 eV 
Step size 1.0 eV 
Narrow scan Pass energy 20 eV 
Step size 0.1 eV 
Flood gun On 
Ion etching gun Off 
 
Using the results of XPS, the surface coverage of streptavidin is 
calculated as below [2-7]. 








2.4. Investigation for bound particles  
 
The experiments were performed by flowing the sample solution 
during each detection time. After injecting the sample solution 
containing biotinylated beads, the microfluidic channel was washed 
three times by 10 mL of deionized water for each washing in order 
to prevent non-intended adsorption of beads. The flow rate of DI 
water for washing was 10 mL/h and non-specific binding of beads 
was investigated through the fluorescence microscope. Because the 
experiments were performed under flowing condition and the bead 
solution used for the experiments contained non-ionic surfactant, 








Figure 2-4. Image for fluorescent biotinylated PS bead bound to 
streptavidin on the surface of the micro-channel (a) from 
fluorescent microscopy (b) after image processing for counting 
the bound beads. 
 
 ２６ 
Images of the biotinylated beads bound to a specific area (W1 = 
1362 µ m, W2 = 1021 µm) of microfluidic channel surface were 
obtained with a fluorescence microscope. As shown in Figure 2-4, 
by setting a binary threshold the noise was removed and through 
image processing, the fluorescent intensity by the bound beads was 
flattened. Finally, the number of particles bound in the microscopic 
area shown in Figure 2-5 were counted discretely using a finding 
circles function. 
 
Figure 2-5. Configuration of the experiments. 
The experiments were repeated five times for each condition 
shown in Table 2-2 below. The conditions for flow rate were 0.3 mL
·h−1, 1.2 mL·h−1, and 2.4 mL·h−1. In the case of 1.2 mL·h−1, the 
average velocity of the flow (𝑣𝑥) is equivalent to about 0.67 mm·s
−
1 which can be assumed to be fully laminar flow. Besides, the bound 
beads were observed at three different observation positions to 
investigate the effect of flow distance and optimize the scanning area. 




Table 2-2. Experimental conditions. 
Number Density (n) Flow Rate Observation Position (L) 
1.93 × 1015 𝑚−3 1.2 mL·h−1 35 mm 
1.93 × 1014 𝑚−3 1.2 mL·h−1 35 mm 
1.93 × 1013 𝑚−3 1.2 mL·h−1 35 mm 
1.93 × 1012 𝑚−3 1.2 mL·h−1 35 mm 
1.93 × 1014 𝑚−3 0.3 mL·h−1 35 mm 
1.93 × 1014 𝑚−3 2.4 mL·h−1 35 mm 
1.93 × 1014 𝑚−3 1.2 mL·h−1 10 mm 
1.93 × 1014 𝑚−3 1.2 mL·h−1 60 mm 
 
 
2.5. The number of bound particles  
 
Figure 2-6 shows the results of measuring the number of bound 
particles according to the detection time under the conditions of 
number density n = 1.93 × 1015 m−3, flow rate = 1.2 mL·h−1, and 
observation position = 35 mm. The number of bound particles 




Figure 2-6. Result of measuring the number of bound particles 
according to the detection time (n = 1.93 × 1015 m−3, flow rate = 
1.2 mL·h−1, observation position = 35 mm). 
 
2.5.1. Concentration effect 
Under the conditions of flow rate = 1.2 mL·h−1 and observation 
position = 35 mm, the number of bound particles according to the 
detection time for each concentration was normalized by number 



































Figure 2-7. Normalized Nbound according to the time for each 
concentration (Normalized by number density n), flow rate = 1.2 
mL·h−1, observation position = 35 mm. The master curve was 
fitted using the least square method (𝑅2 = 0.90). 
The number of bound particles normalized by number density has 
a similar trend for each concentration, so the concentration of analyte 
affects only the total number of analytes injected into microchannel 
and there is not any mechanism transition for the binding according 
to concentration.  
As shown in the graph, the normalized values approximate to a 
single linear curve, which was estimated by the least square method, 
and the coefficient of determination was 0.90. For the lowest 
concentration (number density n= 1.93 × 1012 m−3 ), it shows a 
 
 ３０ 
relatively large deviation according to time, because the size of the 
sample was small. But considering the results through the whole time 
on average, it fits the master curve with the deterministic coefficient 
was 0.8 for the lowest concentration case. 
 
2.5.2. Flow rate effect 
Figure 2-8a shows the result of the number of bound particles 
for each flow rate over time under the conditions of n = 1.93 ×
1014 m−3 and observation position = 35 mm. Figure 2-8b shows the 
number of bound particles according to the quantity of the sample 
solution in order to investigate the binding efficiency depending on 
the flow rate of the sample. 0.1 mL of the sample contains 
approximately 1.93 × 107 analytes considering that the number 
density of the sample was 1.93 × 1014 m−3. The traveling time for 
particles to be bound to the microscopic area by Brownian motion 
increases as the flow rate decreases, so the binding efficiency 
increases as the flow rate decreases, as shown in Figure 2-8b. 
Considering these results, lower flow rate is better to reduce the 
waste of samples. 
As shown in Figure 2-9, the proportionality was far below 1 so 
that the increased number of bound particles was much less 









Figure 2-8. Number of bound particles under different flow rate 
condition depending on (a) time, (b) sample amount. (n = 1.93 ×











































Figure 2-9. The number of bound particles according to flow rate. 
Detection time was fixed at (a) 600 s, (b) 1200 s. (n = 1.93 ×


































2.5.3. Effect of observation position from the inlet 
Figure 2-10 shows the result of the number of bound particles 
depending on the observation positions under the conditions of n = 
1.93 × 1014 m−3 , τ = 1200 s, and flow rate = 1.2 mL·h−1. The 
number of bound particles decreases exponentially as the 
observation position is placed far from the inlet, therefore, the 
possibility to find the bound analytes increases as the scanning area 
is close to the inlet.  
 
Figure 2-10. Number of bound particles depending on the 
distance of the observation position from inlet (n = 1.93 ×
1014 m−3, τ = 1200 s, Flow late = 1.2 mL·h−1). 
 
2.5.4. Effect of ionic strength and surfactant 
In order to investigate the effect of ionic strength, 0.05M, 0,1M, 






























Distance from inlet (mm)
 
 ３４ 
bound particles is shown in Figure 2-11 under the condition n = 
1.93 × 1014 m−3 , Flow late = 1.2 mL·h−1. Debye length for the 






where I is the ionic strength of the electrolyte (mole/m3), ε0 is 
the permittivity of free space, εr is the dielectric constant, kB is 
the Boltzmann constant, T is the absolute temperature in kelvins, NA 
is the Avogadro number. e is the elementary charge. 
Using Equation (2-1), zeta potential and Debye length corresponding 






Figure 2-11. The number of bound particles depending on time 
containing sodium chloride. (n = 1.93 × 1014 m−3, Flow late = 1.2 
mL·h−1) 
Table 2-3. Zeta potential and Debye length according to the ionic 
strength of the solution. 
Ionic strength 0.05 M 0.1 M 0.5 M 
Zeta potential -22.6 mV -20.3 mV -15.9mV 











































Figure 2-12. Electrostatic repulsion force by PMMA surface 
depending on the distance from the wall. 
Using the values in Table 2-3, electrostatic force can be 
calculated and it is shown in Figure 2-12. The number of bound 
particles does not have an obvious trend according to ionic strength 
although the electrostatic force according to ionic strength is 
distinguishable, relatively. Meanwhile, it is confirmed that the 
bonding between streptavidin and biotin is not affected by ionic 
strength.  
As mentioned above, streptavidin has a high affinity for biotin, 
thus, the bonding between streptavidin and biotin is known to be not 
affected by the addition of surfactants such as Tween 20 so that 
Tween 20 is mainly used to exclude non-specific binding 
phenomenon. But, in this study, the binding between streptavidin and 









































Sodium Dodecyl Sulfate (SDS), as shown in Figure 2-13.  
 
Figure 2-13. The number of bound particles according to SDS 
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Chapter 3. Transport model of analytes in a 
microfluidic channel for biosensor 
 
 
This chapter is based on: 
Choi, S.; Lee, W.I.; Lee, G.H.; Yoo, Y.-E. Analysis of the Binding of 
Analyte-Receptor in a Micro-Fluidic Channel for a Biosensor based 




































Figure 3-1. (a) Maximum velocity induced by lift force according to 
the radius of the particle, (b) Sedimentation velocity according to 
the radius of the particle, (c) Thermal velocity depending on the 






























































Figure 3-2. Configuration for the size of analytes. 
The lateral velocity of analytes affects the binding phenomenon, 
mainly, and it can be induced by lift force, sedimentation, and thermal 
motion. As shown in Figure 3-1, as the particle size decreases, the 
lateral velocity induced by lift force or sedimentation decreases 
whereas, the thermal motion increases. Hence for a small analyte 
such as virus or protein, the random walk motion is dominant to 
describe transport of analytes inside the microfluidic channel and a 
transport model was presented based on Brownian motion (Figure 
3-2).  
From the probability density function, the probability to collide 
on the wall was obtained according to the height of analyte from the 
wall in a specific time during which the analyte travels to the 
observation position. By introducing an empirical coefficient for 
probability to collide with receptors and calculating the total number 
of injected analytes, the number of bound particles in the microscopic 
area was calculated. The empirical coefficient was obtained from the 
experimental results in chapter 2. The results of the calculation from 




3.2. Model description 
 
3.2.1. A mathematical model for transport of analyte based on 
Brownian motion 
The probability density function that a particle may exist at a 
distance (r) from the initial position after a certain time (t) is shown 
in Equation (3-1) by Einstein’s Brownian motion as shown in 
Figure 3-3a [3-1]. Therefore, as shown in Figure 3-3b, the 
probability P(z) of a particle at a distance (z) from the channel wall 
to collide with the receptor by Brownian motion during a specific time 
(t) can be expressed as an integral form of Equation (3-1) for 
positions farther than z, as shown in Equation (3-2). A correction 
factor C1 is introduced because a microscopic area is limited only to 







Figure 3-3. (a) The probability density function of particles 
existing at distance r from the initial position after t. (b) 
Schematic diagram of the probability that a particle at a distance 






4𝐷𝑡                                           (3-1)  
where D is the diffusion coefficient (m2 ∙ s−1), t is the elapsed time 
(s), r is the distance from the initial position of the particle (m). 












Figure 3-4. The geometrical configuration of the mathematical 
model for analyte-receptor binding on the microscopic area of a 
model description. 
If the density function for the spatial distribution of analytes is 
expressed as f(x,y,z), the total number of particles colliding with the 
receptor during t is as below.  
𝑁H,total = 𝐶1 ∭ 𝑓(𝑥, 𝑦, 𝑧)𝑃(𝑧) 𝑑𝑉                                 (3-3) 
The density function for the spatial distribution may be 
considered as a constant assuming that the analytes are uniformly 
distributed inside the microfluidic channel, and expressed as f(x,y,z) 
= n by using number density n. 
Since not all the particles colliding with the receptor are bound, 
the number of particles bound to the microscopic area can be 
expressed as follows by introducing coefficient C2 which reflects the 
collide-to-bound ratio and integrating it with C1 into coefficient C = 
C1C2. 
𝑁bound = 𝐶2𝑁H,total                                         (3-4)  
 
 ４６ 
When the sample solution flows through the microfluidic channel, 
the total number of analytes involved during the detection time (τ) 
is calculated by using the number of analytes that passed through the 
channel cross-section. As shown in Figure 3-4, the x-directional 
velocity of the analyte is vx, thus, the volume of the space where the 




the total number of injected analytes can be expressed using number 




                                           (3-5)  
In addition, t is dependent on the distance (L) from the inlet. As 
shown in Figure 3-4, the specific time t for the transport of analytes 







respectively. Therefore, the number of analytes bound to the 
microscopic area (dA) at a distance of L from the inlet can be 
expressed as shown below.  
𝑁bound =  












]    (3-6) 
where n is number density (m−3), L is the distance from inlet of 
microscopic area (m), H is the height of channel (m), τ is detection 
time (s), 𝑣𝑥 is the x-directional speed of flow (m·s
−1), W1 and W2 
are the length and width of microscopic area dA, respectively (m). 
Equation (3-6) predicts the number of bound analytes using the 
displacement of individual particles being diffused independently by 
Brownian motion and the total number of injected analytes, thus, the 
 
 ４７ 
Brownian motion is not affected by the flow. 
 
3.2.2. Diffusion coefficient of biotinylated bead 
Brownian motion is affected by the temperature, the viscosity, 
and the radius of the analyte. The diffusion coefficient D can be 
calculated (D = 2.4 × 10−12 m2 ∙ s−1)  from the Stokes-Einstein 




                                                  (3-7)  
where 𝑘𝐵 is the Boltzmann constant, T is the absolute temperature, 
𝜂 is the viscosity, r is the radius of the analyte.  
The diffusion coefficient for biotinylated beads can be also 
obtained, experimentally. The motion of biotinylated bead was 
recorded using fluorescent microscopy and the movie was sliced at 
an interval of 400 ms. For each image which was obtained by slicing 
the movie, the intensity of fluorescence was measured and the noise 
of signal was eliminated by setting a binary threshold. The processed 
intensity shows a specific pattern and it was assumed to be a circle 
because the biotinylated bead is spherical. Lastly, by setting and 
tracking the center of the imaginary circle, the movement of 








Figure 3-5. Configuration of image processing for tracking of the 
biotinylated bead. 
The results of tracking the biotinylated bead, for example, is 
shown in Figure 3-6. Particle tracking was repeated in the same 
manner for 5 biotinylated beads and the measured diffusion 
coefficient was 2.2 × 10−12 m2 ∙ s−1, which is a valid result comparing 
 
 ４９ 
to the calculated value from the Stokes-Einstein relation.  
Moreover, hindrance effect by the wall for Brownian motion was 
not observed when the fluorescent microscopy was focused on 10 
μm from the bottom as shown in Figure 3-4, thus, the diffusion 






















Figure 3-6. The results of tracking the biotinylated bead. The initial 
position was set to X=0 μm, Y=0 μm. The bead was recorded for 
12 s and the focusing plane was set to (a) 50 μm from the bottom, 
and (b) 10 μm from the bottom 
 
3.3. The empirical coefficient for mathematical model 
 
The biotin beads mixed with the liquid sample are injected into 
the inlet flow along the micro-channel and pass through the 
microscopic area in case that they do not be bound to the receptor 
after colliding with the channel wall by Brownian motion during a time 
(tL) to reach observation position (L). Therefore, t = tL in the 
probability density function Equation (3-1), which is the equation for 
calculating the number of analytes bound to the wall from the inlet to 
the microscopic area. Limiting the area in order to count the bound 
analytes to a microscopic area at a distance of L from the inlet, the 



















calculated by the difference between the number of analytes bound 




 required to transport to the 
position where the microscopic area ends and the number of analytes 




 required to transport 
to the position where the microscopic area starts. In this calculation, 
the specific time required for the analytes to pass through the 
microscopic area is (
𝑊1
𝑣𝑥
), which is regardless of the position of the 
microscopic area (L). As the traveling time increases, the 
observation position (L) moves further away from the inlet so that 
the probability density function (Equation (3-1)) becomes broad as 
shown in the graph in Figure 3-7. Thus, the integral value of the 
probability density function, which is the probability an analyte exists 
over a certain distance from the initial position, increases, and the 
number of analytes bound to the channel surface from the inlet is 
thereby increased. However, although the integral value of the 
probability density function over a certain distance increases as t 
increases, the increase rate is decreased. Therefore, as t increases, 
the integral value for the increment Δt, that is, the number of bound 
analytes decreases. Therefore, as the microscopic area moves 
further away from the inlet, the transport time (t) of the analytes to 
the corresponding position increases, while the time required in order 
to pass through the same size of the microscopic area (Δt) is the 
same, resulting in a decrease in the number of analytes bound to the 





Figure 3-7. Increment of the probability of which a particle 
bound to the surface as time increases after being injected 
through the inlet to the microscopic area further off from inlet. 
In order to obtain the empirical coefficient C for the mathematical 
model, Equation (3-6), the experimental results for the number of 
bound analytes normalized by number density under various 
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concentration conditions were used. Therefore, Equation (3-6) can 
















]     (3-7) 
 
In section 2.5.1, the number of normalized bound analytes 




 of Equation (3-8), and the value of the 
empirical coefficient C can be obtained by using the slope of this 
curve. The slope of the master curve was 3.09 × 10−15  which is 
estimated using the least square method, hence the empirical 
coefficient C = 0.0395. This empirical coefficient C for the 












3.4. Numerical estimation for the number of bound particles 
 
 3.4.1. Comparison of the number of bound particles from experiment 
and mathematical model 
Comparison of the number of bound analytes from the experiment 
and calculated from the mathematical model is shown in Figure 3-8. 
For different concentration samples, the results calculated by the 











































































































Figure 3-8. Comparison of the number of bound particles from 
experiment and mathematical model depending on time for different 
concentration of analytes (a) number density n = 1.93 × 1012 m−3, (b) 
number density n = 1.93 × 1013 m−3, (c) number density n = 1.93 ×
1014 m−3, (d) number density n = 1.93 × 1014 m−3 (flow rate = 1.2 
mL·h−1, observation position = 35 mm). Solid lines depict fitted data 
by the mathematical model.  
The results of comparing the experimental values and calculated 
values by the mathematical model with different flow rates are shown 
in Figure 3-9. Even when the flow rate conditions were different, the 
mathematical model shows a valid estimation.  
For a capillary flow, which is widely used in a medical diagnostic 
device, the flow rate is determined by the surface tension and the 




































velocity profile of the capillary flow coincides to that of the pressure 
driven flow. Thus, the mathematical model can be applied for a 
capillary flow in the same manner with the velocity calculated using 






































































Figure 3-9. Comparison for number of bound particles from 
experiment and mathematical model depending on time for different 
flow rate condition (a) flow rate = 0.3 mL·h−1, (b) flow rate = 1.2 
mL·h−1, (c) flow rate = 2.4 mL·h−1 (n = 1.93 × 1014 m−3 , 
observation position = 35 mm). Solid lines depict fitted data by the 
mathematical model. Coefficients of determination are (a) 𝑅2 = 0.98, 
(b) 𝑅2 = 0.98, (c) 𝑅2 = 0.93. 
 
3.4.2. Mean relative errors  
In order to compare the results calculated by the mathematical 
model with the experimental results, the mean relative errors (MRE) 
for each concentration is shown in Figure 3-10 and according to it, 
the values calculated by the mathematical model with the empirical 
coefficient C obtained from the normalized data show a valid 
correlation with experimental values. However, in terms of number 
density n = 1.93 × 1012 m−3 , the deviation between the calculated 





































density function for the spatial distribution of analytes cannot be 
assumed to be a constant for the extremely low-concentration 
samples. In the case of number density n = 1.93 × 1012 m−3 , the 
distance between each analyte is about 80 µ m and the height of the 
channel used in the experiment is 100 µm. Thus, as shown in Figure 
3-11, only one analyte is distributed in the height direction on 
average in that case. Consequently, it is difficult to set the density 
function as constant value and a large deviation is shown.  
 
Figure 3-10. Mean relative errors (MRE) of experimental values 
according to the concentration and the values calculated by using 
the empirical coefficient C. 
 
Figure 3-11. Interparticle distance when the concentration is n 






















The results also show that the interaction between analyte and 
channel wall does not affect the distribution of particles in the channel. 
If repulsion between the wall and particles affects the distribution in 
the channel, the particles are concentrated near the center of the 
channel as shown in Figure 3-12b, which will reduce the binding 
efficiency significantly. That is, the wall-particle repulsion may act 





Figure 3-12. (a) Randomly dispersed particle. (b) Focused on 
the center of the channel due to the interaction between particle 
and wall. 
Meanwhile, the shear-induced lift force can affect the transport 







)1/2                                          (3-9)  
where K is the numerical constant, 𝑉 is the relative velocity, r is the 
radius of the particle, ?̇? is the shear rate, 𝜇 and 𝜈 are the dynamic 
and kinetic viscosity, respectively. 
The maximum lift force exerted to the analyte is 6.31 × 10−18 N 
from Equation (3-9) and Goldman results for the slip velocity [3-
3]. For this maximum lift force, the maximum terminal velocity and 









 ~ 2 × 10−12 s                                   (3-11)  
Considering that it is the maximum value and it is dissipated as 
the analyte moves away from the channel wall, the effect by the shear 
force can be neglected. 
 
3.4.3. Effect of observation position from inlet and channel height 
Figure 3-13 shows the results of comparing the calculated 
values from the mathematical model with the experimental results 
depending on the observation position for number density n = 1.93 ×
1014 m−3 and flow rate = 1.2 mL/h. As shown in Figure 3-13a, the 
mathematical model shows a valid estimation for the different 
observation positions. Figure 3-13b shows the result of plotting the 
number of bound analytes according to the observation position when 
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fixing the detection time to 20 min. As in the experimental results, 
the number of bound analytes exponentially decreases as the 








































Figure 3-13. Comparison for number of bound particles from 
experiment and mathematical model for n = 1.93 × 1014 m−3, flow 
rate = 1.2 mL·h − 1. (a) depending on observation position 
(Coefficients of determination are 𝑅2 = 0.95  for 10 mm, 𝑅2 =
0.98 for 35 mm and 𝑅2 = 0.94 for 60 mm), (b) when detection 
time is set to 20 min. (C = 0.0395, D = 2.4 × 10−12 m2 ∙ s−1, W1 
= 1362 µm, W2 = 1021 µm). 
On the other hand, as shown in Figure 3-14, the binding 
efficiency according to the channel height is obtained by 
extrapolating the mathematical model under the following conditions, 
the detection time is 20 min and the average x-direction velocity (𝑣𝑥) 
is 0.67 mm·s−1, which corresponds to the value at flow rate 1.2 mL
·h−1 for 100 µm height channel. In this calculation, the binding 
efficiency is calculated by normalizing the number of bound analytes 

































in the case that the observation position is the inlet, the binding 
efficiency increases as the channel height decreases. This is because 
the distance required to be transported to channel wall decreases as 
the height of channel decreases while the mobility by Brownian 
motion remains the same, regardless of the channel height. On the 
other hand, when the observation position is 35 mm away from the 
inlet, the peak for binding efficiency is shifted as shown in Figure 3-
14b. As the channel height decreases, the probability to be bound 
around the inlet increases so that fewer analytes traveled around the 
downstream of the channel. For the higher channels, only particles 
closer to the wall can be bound to the channel surface around the inlet 
and more particles pass through the inlet area. The optimal channel 
height to maximize the binding efficiency tends to increase as the 
observation position moves further away from the inlet. Therefore, if 
the scanning area is set to a certain distance from the inlet, the 
channel should be designed by considering the optimal value of the 








Figure 3-14. Nbound/Ntotal according to the channel height for (a) 
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Figure 4-1. The schematic diagram for enhancement of analyte 
transport towards the wall using dummy particles. 
In order to enhance analyte transport towards the wall, dummy 
particles were added to the sample solution. When dummy particles 
are pumped to the microchannel, it rotates by the shear flow and its 
rotation generates lateral flow locally [4-1,4-2]. Moreover, a 
suspension of particles induces normal stresses and pushes analytes 
in the lateral direction as they pass by, which is a fluid effect, not a 
collision [4-3,4-4,4-5]. Although the lateral flow by dummy 
particles is not unidirectional towards the wall, it can enhance the 
binding of analytes with receptors since the binding process is almost 
irreversible. Inside the binding zone, in which analytes are favorable 
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to be bound to the receptors, the effect of dummy particles is not 
symmetry as shown in Figure 4-1. Besides, because the rotational 
speed of dummy particles increases as the particles approaches to 
the wall, binding enhancement using dummy particles is effective. 
In this chapter, the experimental setup and results were 
presented first.  The experiments were performed in two parts: 
Observation of rotational motion of dummy particle, Binding 
enhancement using dummy particles. The methods for each 
experiment were shown in Figure 4-2. In observation of rotational 
motion tests, ellipsoidal particles were prepared as a dummy particle 
by stretching spherical PS particles and the tests were performed in 
Polydimethylsiloxane (PDMS) channel through the high-speed 
camera. In the binding enhancement using dummy particle test, 
Poly(methyl methacrylate) (PMMA) microchannel was used which is 
the same channel used in Chapter 2. As the dummy particles, 3 μm 
and 10 μm PS particle were used which do not have the fluorescent 
label in order not to be detected through fluorescence microscopy, 
whereas, the biotinylated bead were labeled by fluorescence which 




Figure 4-2. Illustration of experiments. 
 
4.2. Rotational motion of dummy particles 
 
4.2.1. Fabrication of microfluidic channel 
The microfluidic channels were fabricated using soft lithography 
which was frequently used in microchannel fabrication due to its 
convenient and cost-effective properties. Master mold for soft 
lithography was made through photolithography using SU-8 negative 
photoresist. Mixed Sylgard 184 pre-polymer and curing agent were 
degassed and poured into a master mold with mass ratio 1/10. After 
the curing process at 60。C in a convection oven for 12 hours, the 
PDMS replica was peeled off and it was bonded to a glass slide using 
oxygen plasma treatment. The oxygen plasma was treated with 60 W 
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for 40 s and the baking process was followed for 2 hours at 60。C in 
the convection oven. The height and width of the PDMS microchannel 
were set to 500 μm and 100 μm, respectively, as shown in Figure 
4-3. 
 
Figure 4-3. The dimension of PDMS microfluidic channel. 
4.2.2. Dummy particle preparation 
Ellipsoidal particles were produced by stretching spherical PS 
particles which of diameter was 10 μm. Firstly, PVA film was 
manufactured in which PS particles were embedded. Particle 
embedded PVA film was stretched up to 120% strain in the oil bath 
at 145°C. The recovered film was washed with IPA and soaked in 
DI water overnight in order that residual PVA was completely 
dissolved. The deformed PS particles were obtained by high-speed 
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centrifugation. The image of the prepared ellipsoidal particle is shown 
in Figure 4-4. 
 
Figure 4-4. Microscopic image of ellipsoidal particles. The ellipsoidal 












4.2.3. Observation of rotational motion of dummy particles in PDMS 
channel 
 
Figure 4-5. Illustration of rotational motion of a particle suspended 
in fluid for simple shear flow. 
Jeffery suggested the model of rotational motion of the particle 
in simple shear flow as shown in Figure 4-5 and exact solutions for 
the angle and angular speed are [4-6] 












(𝑏2𝑐𝑜𝑠2∅+ 𝑎2𝑠𝑖𝑛2∅)                                   (4-2) 
where ∅ is the orientation angle, G is the shear rate, a and b are the 
minor semi axis and the major axis of the particle, respectively. 
Jeffery model describes the rotational motion of particles for 
simple shear flow. So the shear rate in this case, which is not a simple 
shear flow but the Poiseuille flow, is assumed to be that of value at 




Figure 4-6. Shear rate assumption for application of Jeffery model. 
The rotational speed of spherical particles is difficult to measure 
since the rotational motion of the particle is not distinct even through 
the high-speed camera. The rotation angle was clearly detected in 
the case of ellipsoidal particles, so the rotational motion was 
observed using ellipsoidal PS particles. In order to observe the 
rotational motion of dummy particle, a high speed camera (IDT 
MotionXtra N3) was mounted to microscopy and the motion was 
recorded under 400 Hz condition. The results are compared with the 




Figure 4-7. Comparison of measured angular velocity with the 
Jeffery model. Rotational motion of the dummy particle was observed 
by the high-speed camera using PDMS microfluidic channel. Angular 
velocity for Jeffery model was calculated using Equation (4-2). 
 
4.3. The number of bound particles with dummy particles 
 
4.3.1. Experimental methods 
The binding enhancement test was performed in PMMA 
microchannel which is the same channel in Chapter 2. To examine 
the effect of dummy particles for the analyte-receptor binding 
efficiency, streptavidin was immobilized at the channel wall as the 
receptors in the same manner. 200 nm polystyrene beads 
(FluoSpheres™ Biotin-Labeled Microspheres) were used as the 
analytes which were biotinylated for binding with Streptavidin and 
labeled with fluorescent dye so that it can be detectable under the 
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fluorescence microscope. 3 µm and 10 µm polystyrene particles were 
used as dummy particles to enhance the lateral movement of 
biotinylated beads. Their surfaces had no functional group that 
interacts with streptavidin or fluorescent dye to prevent noise from 
the dummy particles.  
The experimental conditions are shown in Table 4-1. Biotinylated 
beads tagged with fluorescent dye were mixed with deionized water 
for sample fluid. Besides, 0.001 to 0.037 volume fraction of dummy 
particles were added to the sample fluid. The concentration of 
biotinylated beads was 85.7 ng·ml-1 which is equivalent to the 
number density 1.93 × 1013 𝑚−3. Considering that the inter-particle 
distance is about 37 µm and the height of the channel is 100 µm, two 
or three biotinylated beads are distributed in the height direction on 
average. 
The sample solution flowed through the micro-channel for 10 
minutes followed by 1 minute of washing the micro-channel to 
remove unbound analytes from the channel. A syringe pump was used 
to control flow rate (0.6ml·h-1, 1.2ml·h-1, 2.4ml·h-1). In the case 
of 1.2 ml·h-1, the average velocity of the flow (𝑢) is equivalent to 
about 0.67 mm·s-1. After this biotinylated beads-streptavidin 
binding process, a fluorescent microscope is used to count the 
number of biotinylated beads tagged with fluorescent dye bound on 
the micro-channel wall where the streptavidin fixed previously. The 
length and width of the microscopic area were 1362 µm and 1021 µm, 
respectively, which were same in chapter 2. Image processing was 
also performed in the same manner. After setting a binary threshold 
to remove the noise and image processing for the uniform signals of 
the fluorescence image for the particle, the number for particles 
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bound in the microscopic area were counted discretely. This whole 
test was repeated 5 times for the same conditions. 













0.6 ml/h 0   
1.2 ml/h 0   
2.4 ml/h 0   
1.2 ml/h 0.003  3 µm 
1.2 ml/h 0.005  3 µm 
1.2 ml/h 0.01  3 µm 
1.2 ml/h 0.03  3 µm 
0.6 ml/h 0.001  3 µm 
2.4 ml/h 0.001  3 µm 
1.2 ml/h 0.11  10 µ m 
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4.3.2. Effect of dummy particle volume fraction 
 
Figure 4-8. The number of bound particles depending on the volume 
fraction of 3µm dummy particles (number density of analytes 
n=1.93 × 1013 𝑚−3, Flow rate=1.2 mlh-1, detection time τ=600 s). 
The number of bound particles increased with the addition of 
dummy particles as shown in Figure 4-8. The linearity is maintained 
for a small volume fraction of dummy particles but as the volume 
fraction of dummy particles increases, it is saturated. This can be 
confirmed clearly in Figure 4-9, which shows the increased number 





































Figure 4-9. Increased number of bound particles depending on the 
volume fraction of 3 µm dummy particles (n=1.93 × 1013 𝑚−3, Flow 
rate=1.2 mlh-1, τ=600 s). 
For 0.01 volume fraction of 3 µm dummy particles, number 
density nd is 7 × 1014 𝑚−3. Assuming that the dummy particles are 
distributed uniformly so that the volume occupied by each dummy 
particles is identical, the inter-particle distance is about 11 µm 
(Figure 4-10). Within that distance, dummy particles affect each 
other and the effect of dummy particles is saturated for large volume 












































Figure 4-10. Inter-particle distance for nd=7 × 1014 𝑚−3. 
 
4.3.3. Effect of flow rate and dummy particle size 
Figure 4-11a shows the result of plotting the number of bound 
particles for each flow rate under the conditions of n=1.93 × 1013 𝑚−3 
and τ=600 s without dummy particles. The number of bound 
particles increased slightly over flow rate but the increase rate is not 
linear to the total injected number of analytes. With 0.003 volume 
fraction of 3 µm dummy particles, the number of bound particles is 
shown in Figure 4-11b. Comparing to the case without dummy 








Figure 4-11. (a) The number of bound particles depending on flow 
rate without dummy particles (n=1.93 × 1013 𝑚−3 , τ=600 s), (b) 
Number of bound particles depending on flow rate with 3µm dummy 
particles (n=1.93 × 1013 𝑚−3, The volume fraction of 3 µm dummy 































































    The increased number of bound particles according to flow rate 
is shown in Figure 4-12a and the effect of dummy particles increased 
as the flow rate increased. The increased number is calculated from 
each case of flow rate without dummy particles, separately. The 
shear rate in the channel over the distance from the bottom wall for 
each flow rate is shown in Figure 4-12b. As the shear rate increases, 














































Figure 4-12. (a) The increased number of bound particles depending 
on flow rate with 3µm dummy particles (n=1.93 × 1013 𝑚−3 , The 
volume fraction of 3 µm dummy particles=0.003, τ=600 s), (b) 
Shear rate according to the distance from the bottom wall for each 
flow rate. 
The increased number of bound particles depending on the 
dummy particle diameter is shown in Figure 4-13. For 10 µm dummy 
particles, 0.11 volume fraction was added so that the number density 
is coincident with that of 3 µm dummy particles. With the same 
number density of dummy particles, the more analytes were bound 
to the wall in case that 10 µm dummy particles were added and the 




























Figure 4-13. The increased number of bound particles according to 
the diameter of dummy particles. (n= 1.93 × 1013 𝑚−3 , nd= 2.1 ×
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In Chapter 4, an experimental study was presented about the 
enhancement of analyte transport towards the wall using dummy 
particles. In this chapter, analysis of the enhancement of analyte 
transport was demonstrated. The lateral flow induced by dummy 
particle was examined, numerically, and the increased number of 
particles was estimated by setting binding zone from DLVO theory 
named after Boris Derjaguin and Lev Landau, Evert Verwey and 
Theodoor Overbeek. 
  
5.2. Model description 
 
5.2.1. Depth of binding zone 
The DLVO (Derjaguin, Landau, Verwey, Overbeek) theory 
described the interaction between colloidal particles dispersed in an 
electrolyte by calculating a short-ranged van der Waals interaction 
and an electrostatic repulsion [5-1,5-2]. But it also can be used to 
describe the interaction between the wall surface and an analyte in 
order to set a binding zone in which analyte is assumed to be bound 





Figure 5-1. Illustration of the boundary for the binding zone in 
which the analyte is bound to the receptor, immediately. The 
analyte is repulsed by the wall through electrostatic force and 
attracted to the wall through van der Waals force. 
There are repulsive force and attractive force for the interaction 
between the wall surface and a single analyte as shown in Figure 5-
1. The attractive force is van der Waals force FVW and it is expressed 




𝐴𝑟𝑦−2                                              (5-1) 
where A is the Hamaker coefficient, r is the radius of the analyte, y 
is the distance of the analyte from bottom wall. 
The Hamaker coefficient A is approximately 1.68 × 10−19 J for 
the PS particles in water [5-3]. The analyte is repulsed from wall 
by an electrostatic force FE and it is [5-4] 











) 𝑒−𝜅𝑦                  (5-2) 
where 𝜅−1 is the Debye length, 𝜀 is the dielectric permittivity of 
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water, 𝜓𝑤 and 𝜓𝑠 are the Stern potentials of wall and analyte, 
respectively. 
The Debye length and the stern potential of the wall are assumed to 
be that 𝜅−1 ≈ 150 𝑛𝑚 and 𝜓𝑤 ≈ −50 mV according to the literature, 
respectively [5-5]. The stern potential of analytes is measured 
experimentally and its value is that 𝜓𝑠 ≈ −67.3 mV. 
 
Figure 5-2. Total force exerted on analytes according to the 
distance from the bottom wall. 
With Equation (5-1) and Equation (5-2), the total force 
exerted on analyte was calculated and is plotted in Figure 5-2. The 
total force is balanced at y=55.9 nm and the region for y<55.9 nm 
is assumed to be binding zone. For example, the analyte at y=55 nm 
is attracted to the wall with the value of 2.47 × 10−14 nN and its 
terminal velocity in water is -13.1 µm/s, which was calculated 
using the Stokes’drag law. Time to reach terminal velocity is 
approximately 1 ps and time for the analyte to reach wall is 4.2 ms, 

























5.2.2. The number of analytes transported into the binding zone by 
dummy particles 
Dummy particles induce lateral velocity not only towards the wall 
but also towards the channel center. Therefore, the particles outside 
the binding zone are not affected by dummy particles in terms of the 
binding phenomenon because the effect of dummy particles is 
canceled by its symmetry. But the particles within the binding zone 
cannot escape and moves towards the wall instantly, so the symmetry 
is broken inside the binding zone. 
From the lateral velocity at the boundary for the binding zone 
(y=55.9 nm) induced by dummy particles, the total number of analyte 
transported in the binding zone can be calculated. Time for the 
dummy particle at y to pass through the microscopic area is ∆t(y) =
𝑊1 𝑢(𝑦)⁄  (Figure 5-3a). Thus, the volume of fluid transported into 
the binding zone by a single dummy particle at y during ∆t is given 
as an integral form of 𝑣𝐿 as shown in Equation 5-3 (Figure 5-3b). 
𝑉𝑡 = ∆𝑡 ∫ 𝒗𝑳 ∙ 𝒅𝑨 =
𝑊1
𝑢
∫ 𝒗𝑳 ∙ 𝒅𝑨                                  (5-3) 
where Δt is the time for the dummy particle to pass through the 
microscopic area, vL  is the lateral velocity at the boundary for 
binding zone induced by the dummy particle, W1 is the length of the 







Figure 5-3. Schematic configuration for (a) time to pass through the 
microscopic area and (b) the lateral velocity at the boundary of the 
binding zone. 
Assuming that analytes are dispersed uniformly, the number of 
analytes transported into the binding zone by the dummy particle at 
y is described using the number density of analytes as 
𝑁𝑠𝑖𝑛𝑔𝑙𝑒(y) = n𝑉𝑡 =
𝑛𝑊1
𝑢
∫ 𝒗𝑳 ∙ 𝒅𝑨                                  (5-4) 
where n is the number density of analytes. 
With the number density of dummy particles nd, the total number 
of dummy particles passing through the microscopic area during the 
detection is  
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𝑁𝑑𝑢𝑚𝑚𝑦 = 𝑛𝑑𝑊2𝜏 ∫ 𝑢(𝑦)𝑑𝑦
𝐻
0
                                     (5-5) 
where nd is the number density of dummy particles, W2 is the width 
of the microscopic area, τ is the total detection time, H is the height 
of the channel. 
Hence, the total number of analytes transported into the binding 
zone during detection is shown in Equation 5-6. 
N = 𝑛𝑑𝑊2𝜏 ∫ 𝑢(𝑦)𝑁𝑠𝑖𝑛𝑔𝑙𝑒(𝑦)𝑑𝑦 =
𝐻
0
𝑛𝑑𝑛𝑊1𝑊2𝜏 ∫ (∫ 𝒗𝑳 ∙ 𝒅𝑨)
𝐻
0
𝑑𝑦      (5-6) 
 
5.3. Numerical simulation 
 
5.3.1. Computational domain and boundary conditions for numerical 
simulation 
 
Figure 5-4. Computational domain and boundary conditions for 
numerical simulation.  
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Figure 5-4 shows a computational domain and boundary 





+ 𝒖 ∙ ∇𝒖) = −∇𝑝 + 𝜇∇2𝒖 +
1
3
𝜇∇(∇ ∙ 𝒖) + 𝜌𝒈                  (5-7) 
The left and right boundaries (1 and 4) of the simulation domain 
were set to be inlet and outlet, respectively with the fully developed 
flow condition in order that the entrance effect is not involved. No-
slip condition was set on the top and bottom walls (2 and 3). Sliding 
wall with no-slip condition was applied on the particle surface (5), 
so the flow velocity at the particle surface is described as: 
𝐮 = 𝑼𝒑 + 𝝎𝒑 × (𝒓𝒔 − 𝒓𝒑)                                        (5-8) 
where 𝑼𝒑  is the translational velocity of the particle, 𝝎𝒑  is the 
rotational velocity of particle which is obtained by Equation 2, 𝒓𝒔 and 
𝒓𝒑 are the position of particle surface and center, respectively. 
    𝝎𝒑 was calculated from the Jeffery model and 𝑼𝒑 was set to an 
identical value with a flow velocity at the center of the particle. The 
numerical simulation was implemented in COMSOL Multiphysics 5.4 
software with the above conditions. 
 
5.3.2. Lateral velocity induced by dummy particles 
In order to calculate the lateral velocity induced by dummy 
particles numerical simulation was performed under the method 
described in section 5.3.1 and the meshing for this model is shown in 
Figure 5-5. In order to examine the lateral velocity at the boundary 
for the binding zone, meshes at the wall were set to be 25 nm. At all 
 
 ９２ 
of the boundary layers, two layers of quad mesh were established. 
The number of elements was 60666, and the minimum element 
quality and average element quality were 0.3934 and 0.8539, 
respectively.  
 
Figure 5-5. Meshing for the numerical simulation. Meshes at the 
wall were set to be 25 nm and two layers of quad mesh were 




Figure 5-6 is the simulation results for the velocity field of fluid 
with 3 µm dummy particle at y=20 µm. The velocity field is agitated 
around the dummy particle and lateral velocity is generated.  
 
Figure 5-6. Simulation result for the velocity field with 3 µm dummy 
particle at y=20 µm (Flow rate=1.2 mlh-1) 
Figure 5-7 shows the simulation results for the lateral velocity at 
the boundary for the binding zone when the dummy particle is at y=2 
µm. Substituting the values in Figure 5-7 to Equation (5-4) and 
assuming that the particle is cylindrical, the number of analytes 
transported into the binding zone by single dummy particle at y=2 









Figure 5-7. (a) The coordinate system for the results of numerical 
simulation, (b) Lateral velocity at the boundary for the binding zone 
for 3 µm dummy particle at y=2 µm. Circles indicate the simulation 
results and the dotted line is fitted graph for the simulation results. 
    Several calculations were repeated for different conditions and 
the results are shown in Figure 5-8. With this result and Equation 
5-6, the total number of analytes enhanced by dummy particles can 































Figure 5-8. The number of analytes enhanced by a single dummy 
particle (Equation 5-4). Circles indicate the simulation results and 


































5.3.3. Numerical estimation for the number of bound particles 
 
Figure 5-9. Increased number of bound particles according to 3 µm 
dummy particle volume fraction from experiments and mathematical 
model (number density of analytes n=1.93 × 1013 𝑚−3, Flow rate=1.2 
mlh-1, detection time τ=600 s). 
Figure 5-9 shows the comparison for the increased number of 
bound particles from experiments and mathematical model in 
Equation (5-6). Considering that the dummy particle is assumed to 
be a cylinder in the mathematical model, the value from the 
mathematical model shows valid estimation until the volume fraction 
of dummy particles is 0.01. Because disturbance from adjacent 
particles is not reflected in the mathematical model, the values from 
the mathematical model show a linear trend. But the effect of dummy 
particles was saturated in experiments so the estimation deviates for 











































This phenomenon is shown in Figure 5-10, more clearly. As the 
interparticle distance between dummy particles decreases, the 
estimated value from the model starts to deviate.  
 
Figure 5-10. Increased number of bound particles according to the 
interparticle distance between 3 µm dummy particles from 
experiments and mathematical model (number density of analytes 
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